We determined the interannual variation of annual litterfall rate in cool-temperate forests [three mixed-forests (Mx1-Mx3), an evergreen coniferous forest (Ec), and a deciduous conifer plantation (Dc)] of northern Hokkaido over a 16-year observation period (1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011) and evaluated the effect of meteorological and phenological variables on the annual litterfall production. Total solar radiation during spring (from March to May) positively correlated with the annual litterfall rate in the current year at three mixed forests with statistical significance. A warm spring advanced the day of snow melt and the day of leaf expansion, however, the early leaf expansion did not enhance the annual litter production at any of the studied forests. In conclusion, spring solar radiation was the best explanatory factor among the studied factors that determines the interannual variation of the annual litterfall rate at cool-temperate mixed forests, although the mechanisms behind this relationship remain unknown. The early snowmelt and leaf expansion caused by a warm spring did not directly link to the enhancement of the litterfall rate. This implies that global warming or changing rainfall patterns do not necessarily affect the annual litterfall amount in these forests, at least within the range observed during the 16 years.
Introduction
Litterfall is one of the most important ecological processes in forest ecosystems. Changes in litterfall pattern as a consequence of global climate change are becoming an area of interest especially to soil carbon investigators since it represents a major flux of carbon from vegetation to soil (Sayer et al., 2007) . It is necessary to examine how felled litters vary with climate inasmuch as previous litterfall studies have indicated that climate can significantly affect the forest litterfall. Typhoons (Lin et al., 2003) , floods (Haase, 1999) , temperature (Kouki and Hokkanen, 1992) , precipitation (Hennessey et al., 1992; Pedersen and BilleHansen, 1999; Campanella and Bertiller, 2010) , and a combination of temperature and precipitation (Saarsalmi et al., 2007) were proved to be significant factors regulating forest litterfall. But despite the increasing amount of research relative to litterfall dynamics in cool-temperate forests (Tripathi et al., 2006; Xu and Shibata, 2007; Watanabe et al., 2012) , the influence of changing climate on the litterfall production has been largely ignored. This limits our understanding on the potential impact of climate change to the litterfall in this climatic zone.
Efforts have been made to explore the possibility of deriving predictive regression equations by correlating litterfall production to site, stand and climate factors (Berg and Meentemeyer, 2001; Liu et al., 2004) . However, most litterfall modeling studies usually relate to long-term average conditions and regional or global scales and fail to predict litterfall production for specific stands at specific locations for specific years, and the substantial variation in annual litterfall remains largely unexplained (Xu et al., 2000) . Hence, to increase the accuracy and precision of carbon and nutrient biogeochemistry models at the forest ecosystem level, such interannual variability of litterfall production should be taken into account (Saarsalmi et al., 2007) .
This 16-year long series of observations was conducted in order to determine the interannual variation of forest litter production in three mixed-forests, an evergreen coniferous forest stand and a deciduous conifer plantation in cool-temperate forests of northern Hokkaido and looked for meteorological variables (air temperature, rainfall, solar radiation, wind speed, and the day of snow disappearance) and tree phenology (day of leaf expansion of a Quercus crispula tree) that would predict litterfall dynamics. We expected significant relationships of annual litterfall rate with rainfall and temperature, these being regarded as the most important climatic factors controlling ecological processes; solar radiation, which is the major control of primary productivity; wind speed, as a possible cause for litter falling; and dates of snow disappearance or leaf expansion, which determine plant growing period.
Materials and Methods

Study sites
The study sites were located inside the Teshio Experimental Forest of Hokkaido University in northern Hokkaido, Japan (44°54'-45°06'N, 141°56'-142°10'E), which has the climatic characteristic of a mid-latitude, cool-temperate ecosystem. Snowfall contributes to ca. half of the annual precipitation and snow covers the ground from late November to early April. Litterfall was collected at five sites, which include three natural stands (Mx1, Mx2, and Mx3) of mixed species (mostly Abies sachalinensis, Picea jezoensis, Betula ermanii, Quercus crispula, Betula platyphylla var. japonica, and Sorbus commixta); a natural evergreen coniferous forest (Ec) vegetated with Picea glehnii and Abies sachalinensis; and a deciduous conifer plantation (Dc) planted with hybrid larch (Larix gmelinii×L. kaempferi). The forest floor in all stands was covered with dense evergreen dwarf bamboos (Sasa senanensis and Sasa kurilensis). Table 1 presents a description of each site.
Litterfall collection
This study compiled the litterfall records from 1996 to 2011. Mx1 and Mx2 covered the whole 16-year period. The collection in Mx3 ended two years earlier (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) . Dc site only covered 9 years ( -2011 ( ) while Ec (1996 ( -2001 only lasted 6 years.
Funnel-shaped litter traps made from polyester mesh sheet were used in collecting litterfall. These have a catch area of 0.5 m 2 (0.8 m in diameter) attached to a plastic hoop set at a height of 1.3 m using plastic stakes firmly driven into the ground. These litter collectors were placed randomly at 5-10 m apart. The number of litter trap used (5-12) varied for each site ( 
Meteorological and phenological measurements
Meteorological parameters were obtained from the weather station installed in the backyard of Teshio Experimental Forest main office. Its proximity to the study sites is within a 17 km radius. Thus we assumed that data obtained represent the climatic condition at each site. The hourly sum of precipitation from 1996 to 2011 was measured using a spilt water tipping bucket (B-071; Nakaasa Sokki Co., Tokyo) heated during winter. From January 1996 until April 2002, air temperature was measured hourly using a thermistor thermometer (E-721; Nakaasa Sokki Co., Tokyo) installed at 1.7 m from the ground. In May 2002, the instrument was replaced with a platinum resistance thermometer (HMP45D; Vaisala, Helsinki, Finland) installed at 1.5 m, measured every 5 s, and recorded as a daily average. Solar radiation measurements at the main office started from May 2002, using a thermopile-type pyranometer (CM-6B; Kipp＆Zonen, Delft, the Netherlands) which measures daily sum of solar radiation at a height of 13 m. From January 1996 to April 2002, we used the daily sum of radiation data measured by a thermopile-type pyranometer (MS-42; Ikeda Keiki Seisakusho K. K., Tokyo) at Kamitoikan branch office located 12 km north from the main office. The data measured at Kamitoikan office was corrected using a In addition, we observed the day of snow disappearance and the day of leaf expansion for each year during whole study period. The day of snow disappearance was defined as the day (DOY: day of the year) on which snow depth becomes 0 cm at the meteorological station at the main office. The day of leaf expansion was observed using a Quercus crispula tree standing near the main office, and was defined as the day (DOY) on which tree canopy achieved ＞80% of its full leaf expansion. 
Statistical analysis
To determine the relationship of meteorological and phenological variables to the annual litterfall rate, we applied Spearman's correlation analysis to the three mixed forests (Mx1, Mx2, and Mx3) and the deciduous conifer forest (Dc), which have long records of litterfall observations. The evergreen forest (Ec) was not included in the correlation analysis due to its short observation period (6 years), however, it was considered in the analysis of interstand and interannual variation of annual litterfall rate to obtain a clearer view of what constitutes the major forests in this cooltemperate ecosystem. We correlated the annual litterfall rate to meteorological variables obtained during the growing season (March to November) and each season (i.e. March-May for spring; June-August for summer; September-November for autumn) of the current and previous years, although the current year's meteorologies were only considered for winter (from December in the previous year to February in the current year). The seasonal average was used for air temperature, and the seasonal total was used for solar radiation and rainfall. We also calculated the accumulated temperature (sum of the daily averages, when it was ＞5℃) during spring of the current and previous year and used it for the correlation analysis. The number of windy days (daily average wind speed was＞3 m s -1 ) for each season was also used assuming that rare extremely windy conditions would affect the litterfall rate through an increase in twig or small branch litters. Windspeeds above this threshold were in the upper range of the daily mean values and rarely occurred, ranging from 3 to 15 days (average of 9.6 days) throughout the year. In addition, the day of snow disappearance and the day of leaf expansion in the current and previous year were also included in the analysis.
For each meteorological variable, the total counts of daily data reached 275 for the entire growing season and 92 (or 91) for each season and we set a minimum of 210 and 80, respectively, for the analysis. Periods that did not meet the minimum required number of daily data were discarded. 
Interstand comparison of annual litterfall amounts
The annual litterfall rate varied among stands. Mixed forests (Mx1, Mx2, and Mx3) ranged from 155±47 (mean±standard deviation of observed years) to 234±71 g DW m -2 year -1 in the order: Mx3 ＜Mx1＜Mx2 ( Table 1) . The deciduous conifer plantation (Dc) had 330±44 g DW m -2 year -1 , whereas the evergreen coniferous forest (Ec) had the least at 108±30 g DW m -2 year -1 . Studies conducted along the same ecosystem types in northern Hokkaido obtained 252-412 g DW m -2 year -1 for the annual litterfall rate from overstory trees (Tripathi et al., 2006; Watanabe et al., 2012) , while that of three temperate forests in Denmark ranged from 311-352 g DW m -2 year -1 (Pedersen and Bille-Hansen, 1999) . The upper range of the annual litterfall rate observed in the mixed and deciduous forests are comparable, but that in the evergreen forest was far lesser than those of previous studies.
Interannual variation of annual litterfall rate
There was an interannual variation in the annual litterfall rate from 1996 to 2011 (Fig. 2) in agreement with other studies (Xu et al., 2000; Lin et al., 2003; Saarsalmi et al., 2007; Li et al., 2010) . The annual litterfall rate among the mixed forests ranged from 76 to 335 g DW m -2 year -1 , implying that variation in the litterfall rate exists even in forests of the same dominant species (Gairola et al., 2009 partly induced by human errors. However, we did not remove them from the analysis because we could not find any records on an artificial change in the study site nor in the setting-up of litterfall traps in 2000; the litterfall rates from 2004 to 2006 were similar with those before 1999 at Mx1 and Mx3; and there was no distinct change in the litterfall rate at the Ec site. However, some human-induced errors such as a slight change in the location of the litterfall trap might be included in the variation. This is especially true in mixed forests where conifer and broadleaved species exist or if traps were placed in areas with a small gap/opening. Spearman's correlation analysis was applied to detect which meteorological and phenological variable had an impact on the variations in the annual litterfall rates. The notion that litter falling is strongly driven by temperature and precipitation patterns (Hennessey et al., 1992; Kouki and Hokkanen, 1992; Liu et al., 2004; Saarsalmi et al., 2007) did not seem to hold true in our cool-temperate forests, because there was no significant correlation between annual litterfall rate and any temperature or rainfall factors, except for one negative correlation between the annual litterfall rate at Mx1 and the current year's average autumn air temperature ( Table 2) . We found significant correlation between the accumulated spring air temperature and the day of snow disappearance (r＝-0.68; p＜0.01) or the leaf expansion day of one of the species in the mixed forests (Quercus crispula) (r＝-0.82; p＜0.01), however, significant correlations were not found between these three factors (i.e. accumulated spring temperature, the day of snow disappearance, and the day of leaf expansion) and the annual litterfall rate (|r| ＜ 0.45) in the current and the next year for all four sites. This connotes that the rate of annual litterfall does not rely on temperature or on the timing of early snowmelt and leaf expansion periods. One important implication of this result is the advancement of snowmelt and leaf expansion due to a warmer spring leading to the lengthening of the plant growing season, which can increase forest productivity (e.g. Goulden et al., 1996) . Ironically, this phenomenon did not increase the current or the next year's litterfall rate.
Instead, we found a significant correlation between annual litterfall rate and the current year's total spring (from March to May) solar radiation at all three mixed forests ( Table 2, Fig. 3 ), yet there was no significant correlation between spring solar radiation and above mentioned three factors (i.e. accumulated spring temperature, the day of snow disappearance, and the day of leaf expansion). It is interesting that the significant correlation was observed only for the solar radiation during very early stage of the growing season (from March to May). However it is difficult to present the reason for the correlation as there is no available literature that has so far reported a correlation of annual litterfall rate with solar radiation, although Zalamea and González (2008) reported a causal relation ship between solar radiation and leaffall amount in its seasonal variation in a weakly seasonal subtropical wet forest.
One of the possible speculations for this relationship could be that leaf development was enhanced by increasing spring solar radiation through the increase in photosynthesis, and as a consequence, a higher annual litterfall rate could be observed. However, snow covers the ground from late November to early April at our sites, and deciduous trees can only start leaf expansion from late April to early May. Thus, the effect on deciduous trees would be limited. On the other hand, evergreen conifers also exist in the mixed forests and may have already taken full advantage of the high solar radiation during spring. Thus, the enhancement of photosynthesis by the evergreen conifers during this period had partly contributed to the high litterfall rate in the year. No significant relationship between solar radiation and the interannual variation of annual litterfall rate at the deciduous forest (Dc) may partly support this speculation. However, this assumption is hard to accept without reservation, because the significant correlation was only observed during spring and there was no significant effect of the early leaf expansion (which can also enhance photosynthesis during the growing season) on the annual litterfall rates. Another speculation for the correlation could be that litter falling might be enhanced by the increase in the spring solar radiation through an increase in, for example, frosts (Christensen, 1975) by radiative cooling, UV-B radiation (Ballaré et al., 2010) , or ozone concentration (Matyssek et al., 1995) . However, a lack of evidence led us to only speculate, and the interannual litterfall variation can be influenced by several biotic and abiotic factors, hence, further study must be undertaken to verify these hypotheses.
A significant negative correlation of annual litterfall rate with the current year's autumn average air temperature was only observed at one of the mixed forests (Mx1), although the correlation was weaker than those of the solar radiation. In addition, there was a significant positive correlation at the Dc site between the annual litterfall rate and the number of windy days during the growing season or autumn in the current year. These phenomena are easily understandable compared with the relationship between spring solar radiation and the annual litterfall rate, because several researches already reported that strong wind (Christensen, 1975; Lin et al., 2003) or low air temperature (Battaglia et al., 1998) enhances the litterfall rate.
The idea that litter production is strongly related to the weather conditions of the previous few years (Hennessey et al., 1992; Kouki and Hokkanen, 1992; Saarsalmi et al., 2007) did not hold true in our case, as the meteorological variables of the preceding year did not correlate with the litterfall rate at any site. This implies that the number of leaf buds does not necessarily affect the litterfall rate, because leaf buds are formed in the previous year for most species in the studied forests (e.g. Funakoshi, 1985; Kojima et al., 2003) , and meteorological factors can affect the bud formation (Meier and Leuschner, 2008) .
Our study revealed that spring solar radiation rather than air temperature and rainfall affects litterfall dynamics in the mixed forests. It is hard to explain the mechanism behind this relationship, however, we can at least conclude that spring solar radiation is the best explanatory factor that determines the interannual variation of the annual litterfall rate at the studied cooltemperate mixed forests and that the early snowmelt and leaf expansion caused by a warm spring do not directly link to the enhancement of the litterfall rate. These results imply that global warming or changing rainfall patterns do not necessarily affect litterfall production in these forests, at least within the range observed during the 16 years.
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